The lengths of food chains within ecosystems have been thought to be limited either by the productivity of the ecosystem or by the resilience of that ecosystem after perturbation. Models based on ecological energetics that follow the form of Lotka-Volterra equations and equations that include material (detritus) recycling show that productivity and resilience are inextricably interrelated. The models were initialized with data from 5-to 10-year studies of actual soil food webs. Estimates indicate that most ecological production worldwide is from ecosystems that are themselves sufficiently productive to recover from minor perturbations.
Primary productivity and dynamic stability (the return to steady state after perturbation) have been treated as independent constraints on the length of food chains in ecosystems (1, 2) . Systems differing greatly in productivity have food chains of similar length, and models indicate that longer food chains are less stable. Models often consist of primary producers, herbivores, and predators and exclude detritus, even though a high percentage of primary production is not consumed alive (3) . When studies included energetics and detritus feedbacks, ecosystem productivity was found to influence food web diversity (4), structure (5) , and resilience (6) . In this report we develop models with and without detritus that include energetics as represented by birth and death rates, feeding rates, and assimilation and production efficiencies. We demonstrate that primary productivity affects the dynamic stability of food chains and, hence, their length. Few ecosystems worldwide are less productive (7) than the lower limits of productivity established by the models.
J. C. Moore If the randomly selected parameters produced positive equilibrium densities for all species, the system was deemed feasible (12) . For feasible systems, the parameter values and equilibrium densities were used to construct the elements of the community matrix A. Because all food chains in the analysis satisfied the criteria for qualitative stability (10) , all feasible food chains were necessarily locally stable. The return time (RT) of a feasible system is the time required by the system to return to equilibrium after a perturbation and was estimated as RT = -1/real(Xmax) (12) , where real (nmax) is the real part of the largest eigenvalue. This process was repeated 1000 times for each productivity.
Productivity affected the feasibility of on October 4, 2012 www.sciencemag.org the food chains (Fig. 1A) . Feasibility of both detritus and primary producer food chains declined with increased food chain length, although less so for detritus. The effect of productivity on feasibility is a direct result of satisfying the conditions for obtaining positive equilibrium densities: inputs exceed outputs. For example, the equilibrium X2* in the producer-based twospecies model is ria2p2c12-clld2 2 a2p2c12 whereas in the two-species detritus model, the equilibrium is always positive Rdp2 d2 -d2p2 The RT tended to be shorter in producer food chains than in detritus food chains (Fig. 1B) . This resulted from relatively strong diagonal dominance in the primary producer chain a1=-1 CilX,* (6) compared to the detritus chain a(i = -a2c12X2* (7) because a2c12 < cl,, and for many systems X 1* > x2* With increased productivity RT decreased for both primary producer and detritus food chains (Fig. 1B) . The critical eigenvalue of the two-species primary producer model is
High productivity (r1X1) generates a negative value within the root of Eq. 8 (14) . Hence, the real(Xm,,) reduces to all/2 and RT approaches 2/a11 --1. Numerical analysis confirmed that the other food chains also approached limits. For productivity units below 10, the mean RT of all feasible food chains increased with increased chain length, as expected (1). Above 10 productivity units, the four-species food chains had shorter RTs than the three-species food chains. Our results suggest that the feasibility and resilience of food chains are a function of productivity and that the generalization cannot be made that longer food chains have longer RTs. The sizes of and ranges for matrix elements for runs involving one unit of productivity here correspond to the ranges that were used by others (1) . Hence, the results beyond one productivity unit represent unexplored regions of parameter space.
The interaction ofproduction and stability was also evident in experimental studies (15) . The structure ofaquatic food webs is related to both the productivity of the habitat and the variability in climate (15) . When the amount of productivity was increased by adding detritus to water-filled tree holes, the food webs that developed were constrained by dynamic stability and not productivity (15) . However, another later study revealed that as more detritus was added to the water-filled tree holes, food chain length increased (15) . Consistent with our results, studies that have included energetics predict that the relative importance of productivity and of the direct flow of energy to detritus should wane as productivity increases (5) . Ecosystem resilience increases (decreased RTs) with increased nutrient availability (an index of productivity) (6, 16 ).
The models demonstrate that productivity determines the lower limits of what is ecologically feasible and attenuates the dynamics of food chains after perturbation by hastening RTs. Does high productivity compensate for unstable configurations and interactions in general? If so, factors that are potentially destabilizing to food webs would occur more often in systems of high productivity than in systems of low productivity. If most actual ecosystems are high in productivity, this may explain the high incidence of omnivory and mutualism and the dearth of examples of competition encountered in many ecosystems (17) .
To compare productivity in our models with estimates of real production, we calculated productivity as grams of carbon per square meter per year. (For subsequent use of this unit, it will be understood that grams refer to grams of carbon.) For this scaling we used intervals of values for the rate constants (ri, Rd, di, and cl) derived from the descriptions of soil food webs from native prairie and agricultural field stations (19) . A comparison of the productivities used here with known productivities (7) suggests that the majority of global production (to 99%) is derived from ecosystems more productive than the threshold suggested by our results (Fig. 1B) . This may explain why average food chain length seems not to differ much among ecosystems of diverse productivity (16, 20) , although the similarity may be artifactual. Most solved by standardizing the descriptions of ecosystems (21) and by encouraging more studies of systems with low productivity such as deserts, exposed rock, Antarctic soils, and dry caves.
Whether based on a primary producer or inclusive of detritus, both models respond similarly to productivity; however, detritus models represent a much broader class of ecosystems. The primary producer models (Lotka-Volterra form) are far too restrictive in that matter does not cycle. Our results do not imply that factors other than productivity are not important [empirical evidence suggests the contrary (17, 21) ] or that systems could not develop and persist at low rates of production. Rather, our results reinforce interpretations (5, 13) that productivity integrates processes occurring through ecosystems, thereby operating to establish the lower limits of production necessary to establish a system and compensate for the constraints imposed by susceptibility to perturbation.
